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Abstract 

Background: Immunological memory is the basis for vaccination. Currently, the longitudinal profiles of antibody responses 
in recovered severe acute respiratory syndrome (SARS) patients have not been fully characterized. Methods: In this study 
we sequentially followed up 19 recovered SARS patients over a 3-y period in order to characterize the dynamic changes 
in antibody responses against viral components in detail. In addition, 4 blood samples were obtained at month 60. Results: 
We found that immunoglobulin G (IgG) antibodies and their neutralizing activities decreased throughout the entire phase 
of the study. For IgG antibodies in the 3rd y, the positive rate of whole-virus-specific antibodies was 42%, which was tested 
with commercial kits at 1/10 dilution of the sera. In comparison, the positive rate of spike (S) protein-specific antibodies 
was 100%, which was tested by spike protein-based ELISA at 1/100 dilution; 4 samples at month 60 were included. The 
average optical density (OD) reading of nucleocapsid (N) protein-specific antibodies fell dramatically between month 3 
and month 12, and it decreased gradually at low levels that were a little higher than the cut-off value from month 12. For 
neutralizing antibodies, neutralizing activity was detectable in 89% of recovered patients in the 3rd y. S protein-specific 
IgG levels (r = 0.717) correlated better with neutralizing activity than SARS coronavirus-specific IgG levels (r = 0.571). 
Conclusions: These systematic findings provide valuable information on natural humoral memory responses, and the data 
will be helpful for understanding the pathogenesis of SARS coronavirus infection and for the rational design of vaccines. 
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ingoducton 46-kDa viral RNA-binding protein [6]. N protein is 


Severe acute respiratory syndrome (SARS) is an 
infectious human disease characterized by high mor- 
tality and rapidity of spread. The aetiological agent 
of this disease has been identified as a new corona- 
virus, SARS-associated coronavirus (SARS-CoV) 
[1,2]. SARS-CoV resides in hosts such as bats [3], 
which form its natural reservoir. Although the out- 
break of SARS appears to be over, SARS is still a 
safety concern because of the possibility of re-emer- 
gence of the virus from its animal reservoir. 
SARS-CoV is a single, positive-stranded RNA 
virus that encodes 4 main structural proteins: spike 
(S), envelope (E), membrane (M), and nucleocapsid 
(N) proteins [4,5]. The predicted N protein is a 


also one of the immunodominant antigens; it has 
been proven that SARS-CoV N protein can induce 
specific T-cell responses [7,8]. The S protein of SARS- 
CoV encodes a surface glycoprotein precursor, which 
is predicted to be 1255 amino acids in length [9]. The 
S protein binds to its receptor, angiotensin-converting 
enzyme 2 (ACE2) [10], and mediates virus fusion. 
Among all of the structural proteins of SARS-CoV, 
the S protein is the main antigenic component that is 
responsible for inducing host immune responses, 
inducing neutralizing antibodies and inducing protec- 
tive immunity against viral infections [11-13]. 
Immunological memory is the basis for vaccina- 
tion. Knowledge of antibody responses against viral 
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components is helpful for understanding humoral 
immune responses. Currently, the longitudinal pro- 
files of antibody responses in recovered SARS patients 
have not been fully characterized. It is difficult to 
express and purify the S protein because it is long 
and highly glycosylated. Only full-length S protein- 
based indirect immunofluorescence assays and trun- 
cated S protein-based enzyme-linked immunosorbent 
assays (ELISAs) have been developed. The methods 
have been used to detect S protein-specific antibod- 
ies [14-16]. IgG antibodies tested by commercial 
ELISA kits were found to be undetectable in a pro- 
portion of recovered patients in the 3rd y after the 
onset of symptoms [17]. So far, few data have been 
available on the longitudinal profiles of IgG antibody 
responses tested by full-length S protein-based 
ELISA. Previous studies have demonstrated low lev- 
els of specific memory T-cell responses to SARS-CoV 
N peptides detected in a number of recovered SARS 
patients 4 y after infection [18]. SARS-CoV N pro- 
tein-specific antibodies have been shown to persist 
for 2 y in recovered patients [19], so a longer follow- 
up is required to characterize the duration of N 
protein-specific antibody responses. In this study we 
sequentially followed up 19 recovered SARS patients 
over a 3-y period; in addition 4 blood samples were 
obtained at month 60. ELISA was used to character- 
ize the dynamic changes of the whole-virus lysates, 
and the N protein- and S protein-specific antibody 
responses in detail. A pseudovirus neutralization 
assay was used to evaluate neutralizing activity. 


Materials and methods 
Study subjects 


Nineteen SARS patients (8 males and 11 females) 
were enrolled in March 2003, and have been fol- 
lowed since. The average age of these patients was 
40 + 11 y (mean = standard deviation). All patients 
had been diagnosed based on the clinical criteria rec- 
ommended by the World Health Organization, which 
include fever (temperature >38°C), chest radiograph 
showing evidence of new consolidation with respira- 
tory symptoms (e.g. cough and shortness of breath) 
and a history of close contact with a person in whom 
SARS has been diagnosed. In addition, diagnoses 
were further confirmed later using stored samples, 
when commercial ELISA kits became available. 
Recovery from SARS-CoV infection was defined by 
the clinical criteria released by the World Health 
Organization (http://www.who.int/csr/sars/casedefi- 
nition/en). Sequential blood samples were collected 
at 3, 12, 18, 24, and 36 months after the onset of 
symptoms. Moreover, 4 blood samples were obtained 
at month 60. The blood samples were collected at 


the Department of Infectious Diseases, Peking Union 
Medical College Hospital in Beijing, with the patients’ 
written consent and the approval of the ethics review 
committee. All samples were stored in aliquots 
at —80°C and were not thawed more than twice 
before use. All of the sera were heat-inactivated at 
56°C prior to performing experiments. In addition, 
sera collected from 20 healthy blood donors (9 males 
and 11 females) were used as controls; the average 
age of these individuals was 39 + 10 y. 


ELISA 


Serum IgG antibodies against SARS-CoV were first 
measured using commercially available ELISA kits 
(product No. S20030004, BJI-GBI Biotechnology, 
Beijing, China). The whole-virus lysates-based 
ELISA kit was the first kit approved by the China 
Food and Drug Administration for the detection of 
SARS-CoV antibodies. The ELISA kit was used 
according to the manufacturer’s instructions, with- 
out modification. Briefly, 10-fold diluted samples 
were added and incubated at 37°C for 30 min. Next, 
horseradish peroxidase (HRP)-conjugated antihu- 
man IgG was added and incubated at 37°C for 20 
min. The substrate was then added and incubated at 
37°C for 10 min. Finally, the reaction was stopped, 
and the absorbance was measured at 450 nm using 
an ELISA Model 680 Microplate Reader (Bio-Rad, 
Hercules, CA, USA). 

Second, sera were tested against the recombinant 
S protein (Protein Sciences Corporation, Meriden, 
CT, USA) and N protein (BJI-GBI, Biotechnology). 
Briefly, 1 ug/ml of each recombinant protein was 
coated onto 96-well microtitre plates (Corning 
Costar, Acton, MA, USA) in 0.1 M carbonate buffer 
(pH 9.6) at 4°C overnight. After blocking with 5% 
non-fat milk for 2 h at 37°C, 100-fold diluted sam- 
ples were added and incubated at 37°C for 1 h, fol- 
lowed by 5 washes with phosphate-buffered saline 
(PBS) containing 0.1% Tween 20. Bound antibodies 
were detected with HRP-conjugated goat antihuman 
IgG (Invitrogen, Carlsbad, CA, USA) at 37°C for 40 
min, followed by 5 washes. The reaction was visual- 
ized by addition of the substrate 3,3’,5,5’-tetrameth- 
ylbenzidine (TMB) and stopped by the addition of 
2 N H,SO,.The absorbance was measured at 450 nm 
using an ELISA Model 680 Microplate Reader. 


Neutralization of SARS pseudovirus infection 


The conventional neutralization assay using live 
SARS-CoV is cumbersome and has to be performed 
in Biosafety Level 3 facilities. Therefore, we adapted 
a SARS-CoV pseudovirus system in our laboratory 
[20,21]. This assay is sensitive and quantitative, and 
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can be conducted in Biosafety Level 2 facilities. 
SARS pseudovirus bearing SARS-CoV S protein and 
a defective HIV-1 genome expressing luciferase as a 
reporter was prepared as previously described [22]. 
In brief, 293T cells were co-transfected with a plas- 
mid encoding colon-optimized SARS-CoV S protein 
(Tor2) (kindly provided by M. Farzan at Harvard 
Medical School) and a plasmid encoding Env-defec- 
tive, luciferase-expressing HIV-1 genome (pNL4-3. 
luc.RE) using Lipofectamine™ 2000 reagents (Invit- 
rogen), according to the manufacturer’s protocol. 
Supernatants containing SARS pseudovirus were 
harvested 48 h post-transfection and used for single- 
cycle infection of ACE,-transfected 293T cells. 
Briefly, ACE,-expressed 293T cells were plated (104 
cells/well) in 96-well tissue culture plates and grown 
overnight. The pseudovirus was pre-incubated with 
100-fold diluted serum samples at 37°C for 1 h 
before being added to the cells. The culture was re- 
fed with fresh medium 12 h later and incubated for 
an additional 48 h. Cells were washed with PBS and 
lysed using lysis reagent (Promega, Madison, WI, 
USA). Aliquots of cell lysates were transferred to 
96-well Costar flat-bottom luminometer plates 
(Corning Costar, Corning, NY, USA), followed by 
addition of luciferase substrate (Promega). Relative 
light units (RLU) were determined immediately on 
a Modulus™ II Microplate Multimode Reader 
(Turner Biosystems, Sunnyvale, CA, USA). 


Statistical analysis 


All experiments described here were carried out at 
least 3 times. The IgG levels and neutralizing activity 
between recovered SARS patients and healthy con- 
trols in the same condition were compared by non- 
parametric tests. The relationship of IgG levels 
against viral components and neutralizing activity 
was evaluated by Spearman’s correlation using SPSS 
software (IBM-SPSS, Chicago, IL, USA). Signifi- 
cance was defined as a p-value of < 0.01. 


Results 


Dynamic changes in IgG antibody responses against 
viral components in 19 recovered SARS patients over 
a 3-y period 


SARS-specific IgG antibodies were tested with com- 
mercially available ELISA kits, which were coated 
with whole-virus lysates. Sera were tested at 1/10 
dilution, and the cut-off value was 0.18. As shown in 
Figure 1A, from month 3 to month 12, the average 
OD reading decreased from 0.76 to 0.45; after month 
12, it decreased gradually at low levels. At month 24, 
though the positive rate was approximately 84%, the 
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Figure 1. Sequential analysis of IgG antibody responses against 
viral components in 19 recovered patients over a 3-y period. (A) 
Sera tested by commercial ELISA kits were at 1/10 dilution; the 
cut-off value was 0.18. (B) Sera tested by recombinant N protein- 
based ELISA were at 1/100 dilution; the cut-off value was 0.16 
(mean absorbance at 450 nm plus 3 standard deviations for sera 
from 20 healthy blood donors). (C) Sera tested by recombinant 
S protein based ELISA were at 1/100 dilution; the cut-off value 
was 0.19. In (A), (B) and (C), sera were considered positive when 
the optical density values were above the cut-off value. I bars 
indicated standard deviations. 


average OD reading was only 0.26, which was a little 
higher than the cut-off value. The positive rate 
dropped dramatically from 84% at month 24 to 42% 
at month 36. 

Recombinant N protein was coated to test N pro- 
tein-specific antibodies; sera were tested at 1/100 dilu- 
tion. Twenty healthy blood donors were also tested as 
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controls at 1/100 dilution. The cut-off was defined as 
the mean absorbance at 450 nm plus 3 standard devi- 
ations (SD) for sera from healthy blood donors. In the 
study, the cut-off value was 0.16 (the mean absorbance 
of healthy blood donors was 0.1 and the standard 
deviation was 0.02). As can be seen in Figure 1B, the 
average OD reading decreased dramatically from 0.93 
to 0.47 between month 3 and month 12. From month 
12 to month 36, the average OD reading went down 
gradually from 0.47 to 0.32, whereas the positive rate 
fell slightly from 95% to 89%. In addition, the N pro- 
tein-specific IgG levels of recovered SARS patients 
were significantly higher than those of healthy blood 
donors from month 3 to month 36 (p < 0.01). 

The temporal changes of S protein-specific anti- 
bodies over a 3-y period are shown in Figure 1C. Sera 
were tested at 1/100 dilution, and the cut-off value was 
0.19 (the mean absorbance of healthy blood donors 
was 0.1 and the standard deviation was 0.03). The 
positive rates of S protein-specific antibodies were 
100% at all time-points, and the average OD reading 
decreased gradually from month 3 to month 36. At 
month 36, the average OD reading was 0.68. In addi- 
tion, the S protein-specific IgG levels of recovered 
SARS patients were significantly higher than those of 
healthy blood donors at all time-points (6 < 0.01). 


Dynamic changes in neutralizing activity in 
19 recovered SARS patients over a 3-y period 


A pseudovirus neutralization assay was used to evalu- 
ate neutralizing activity. Sera were tested at 1/100 
dilution. The mean neutralizing activity of healthy 
blood donors was 1.7% and the standard deviation 
was 0.6%. Consistent with a decreasing trend of 
the S protein-specific antibodies, the neutralizing 
activity declined gradually from month 3 to month 
36 (Figure 2A). The mean neutralizing activity 
dropped from 96% at month 3 to 48% at month 36. 
At month 36, neutralizing activity was detectable in 
89% (17/19) of the recovered patients. In addition, 
the neutralizing activity of recovered SARS patients 
was significantly higher than in healthy blood donors 
at all time-points (p < 0.01). The correlation between 
neutralizing activity and IgG antibody levels was eval- 
uated (Figure 2B and Figure 2C); Spearman’s correla- 
tion coefficient between IgG levels of S protein-specific 
antibodies and neutralizing activity was 0.717, higher 
than that of the IgG antibody levels of the whole-virus 
lysates with neutralizing activity (r = 0.571). 


Antibody responses among 4 recovered patients 
in the Sth y 


Among the cohort of these recovered patients, 4 
blood samples were obtained at month 60. These 
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Figure 2. Sequential analysis of neutralizing antibody responses 
and the correlation between neutralizing activities and IgG levels 
in 19 recovered patients over a 3-y period. (A) Infection of 293T/ 
ACE2 cells by SARS pseudovirus was determined in the presence 
of sera at 1/100 dilution. The percent neutralization was calculated 
for each sample. I bars indicated standard deviations. (B) 
Correlation between neutralizing activities and IgG levels tested 
by commercial ELISA kits; the Spearman’s correlation coefficient 
was 0.571. (C) Correlation between neutralizing activities and 
IgG levels that were tested by spike protein-based ELISA; 
Spearman’s correlation coefficient was 0.717. 


samples were simultaneously tested for IgG and neu- 
tralizing antibodies. For IgG antibodies, all the sam- 
ples were negative, as determined using commercial 
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ELISA kits. In contrast, the sera tested by S protein- 
based ELISA were all positive (Figure 3A). For 
neutralizing antibodies, neutralizing activity was 
detectable in 2 recovered patients: one had a 41% 
activity level and the other had a 52% activity level 
(Figure 3B). 


Discussion 


Antibodies specific to the structural components of 
the SARS virus can be detected by commercial 
ELISA kits, but this does not reveal the profile of 
antibodies specific to individual proteins of SARS- 
CoV. In this study we characterized the dynamic 
changes in antibody responses to the whole-virus 
lysates of SARS. IgG antibodies tested with com- 
mercial ELISA kits were undetectable in 58% of recov- 
ered patients at month 36, which is in agreement with 
the previously published results. In addition, we also 
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Figure 3. Antibody responses against SARS-CoV among 4 
recovered patients in the 5th y. (A) Sera tested by commercial 
ELISA kits were at 1/10 dilution; sera tested by recombinant N 
protein- and S protein-based ELISA were at 1/100 dilution. The 
cut-off values of the commercial ELISA kits and the N protein- 
and S protein-based ELISAs were 0.18, 0.16, and 0.19, respectively. 
(B) Neutralizing antibodies were determined by infection of 293T/ 
ACE2 cells by SARS pseudovirus in the presence of sera at 1/100 
dilution. The percent neutralization was calculated for each 
sample. 


characterized the dynamic changes in the N protein- 
and S protein-specific antibody responses, and evalu- 
ated their neutralizing activities in recovered SARS 
patients. 

Among all structural proteins of SARS-CoV, S 
protein is the main antigenic component that could 
induce neutralizing antibodies. Therefore, the pro- 
tein has been selected as an important target for vac- 
cine development. Vaccination of hamsters with a 
recombinant parainfluenza virus (PIV) type 3 vector 
expressing SARS-CoV proteins showed that only S 
protein induced neutralizing antibodies [23]. A DNA 
vaccine encoding SARS-CoV S protein could induce 
both T-cell and neutralizing antibody responses in a 
mouse model. Yang et al. showed that protection was 
mediated by a humoral but not a cellular immune 
response [24]. When immunized with adenovirus 
5 (Ad5) vector expressing SARS-CoV proteins, rhe- 
sus macaques had antibody responses against S pro- 
tein Sl fragment and T-cell responses against N 
protein [25]. In summary, vaccines based on the S 
protein seem to induce neutralizing antibody 
responses, and vaccines carrying the N protein can 
induce cellular responses. In the study, we also found 
different immune responses against viral proteins. 
The average OD reading of N protein-specific anti- 
bodies fell dramatically between month 3 and month 
12. From month 12 to month 36, the average OD 
reading of N protein-specific antibodies decreased 
gradually at levels lower than those of S protein- 
specific antibodies. Our findings have important 
implications for vaccine development. 

At month 36, the positive rate of S protein anti- 
bodies was 100%, and sera were tested at 1/100 dilu- 
tion. In comparison, sera were tested at 1/10 dilution 
with the commercial kits, but the positive rate was 
only 42% at month 36. These results indicate that 
the sensitivity of the S protein-based ELISA was 
higher than that of the commercial ELISA kit. The 
commercial ELISA kit was coated with whole-virus 
lysates, which were made up of N protein, S protein 
and other components. The coronavirus N protein is 
the most abundant virus-derived protein produced 
throughout the infection [26]. We found that N pro- 
tein-specific antibodies decreased gradually at low 
levels from month 12 to month 36, and were a little 
higher than the cut-off value. Abundant N protein 
antigens were coated on the commercial ELISA kit, 
whereas low levels of N protein-specific antibodies 
were detected in recovered SARS patients. This may 
partly account for the lower sensitivity of the com- 
mercial ELISA kit, so the commercial kits are not 
suitable for characterizing the dynamic changes in 
antibody responses in recovered SARS patients. 

Neutralizing antibodies play an important role in 
protecting against viral diseases. They probably act 
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by blunting infection, which is then settled by cel- 
lular immunity in most cases [27]. We found that 
neutralizing activity was sustained for 3 y after the 
onset of symptoms in most of the recovered patients. 
At month 36, neutralizing activity was detectable in 
89% of recovered patients, and the mean neutralizing 
activity was 48%. Similar results determined by con- 
ventional virus neutralization assays have also been 
published [28-30]. The conventional virus neutral- 
ization assays were based on the cytopathic effect 
(CPE) of SARS-CoV to its target cells. Pseudovirus 
neutralization assays have been developed [31-33]. 
Safety concerns have increased the utilization of 
pseudovirus neutralization assays, but the reported 
findings are lacking: short follow-up periods or few 
follow-up patients have been included [34,35]. Most 
of the SARS-CoV-infected patients spontaneously 
recovered without clinical intervention, while a small 
percentage died of the disease. Recovered patients 
were found to have higher and more sustainable lev- 
els of neutralizing antibodies than deceased patients 
[36]. Though neutralizing activity has been sustained 
for 3 y in recovered SARS patients, it is uncertain 
whether these waning neutralizing antibodies would 
protect a person from reinfection. 

Neutralizing antibodies mainly target the spike 
protein of SARS-CoV. In this study, we found that S 
protein-specific IgG levels (r = 0.717) correlated 
better with neutralizing activity than SARS-CoV- 
specific IgG levels (r = 0.571). Conventional virus- 
neutralization assays and production of commercial 
ELISA kits require dealing with live SARS viruses, 
which is hazardous work with a high risk of infection. 
Although pseudovirus neutralization assays bearing 
SARS-CoV S protein have been established, most 
pseudovirus neutralization assays need at least 2 days 
to produce results. Furthermore, these methods are 
labour-intensive and are not suitable for mass testing. 
Hence S protein-based ELISA is an appropriate 
method to use as a screening test, with positive results 
being further confirmed by virus neutralization 
tests. 

Not all IgG antibodies targeting the spike protein 
have neutralizing activity. We have proved that more 
than 50% of neutralizing activity was contributed by 
the receptor binding domain of S protein-specific 
antibodies [37,38]. Consequently, neutralizing activ- 
ity was undetectable in 2 recovered patients whose 
IgG levels of S protein-specific antibodies were low 
at month 36. Therefore, it would be useful to deter- 
mine the epitopes of S protein in further studies. 

In summary, we characterized the dynamic 
changes in the whole-virus lysates of SARS virus and 
the responses of N protein- and S protein-specific 
antibodies in detail. Furthermore, we evaluated the cor- 
relation between IgG levels and neutralizing activity. 


These systematic findings provide valuable informa- 
tion on natural humoral memory responses in recov- 
ered SARS patients, and these data will be helpful 
for understanding the pathogenesis of SARS-CoV 
infection and for the rational design of vaccines. 
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